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Many types of bacteria produce extracellular polysaccharides (EPSs). Some are secreted polymers and show only limited association with the cell surface, whereas others are firmly attached to the cell surface and form a discrete structural layer, the capsule, which envelopes the cell and allows the bacteria to evade or counteract the host immune system 1 . EPSs have critical roles in bacterial colonization of surfaces 2 , such as epithelia and medical implants; in addition some EPSs have important industrial and biomedical applications in their own right 3 . Here we describe the 2.26 Å resolution structure of the 340 kDa octamer of Wza, an integral outer membrane lipoprotein, which is essential for group 1 capsule export in Escherichia coli. The transmembrane region is a novel a-helical barrel. The bulk of the Wza structure is located in the periplasm and comprises three novel domains forming a large central cavity. Wza is open to the extracellular environment but closed to the periplasm. We propose a route and mechanism for translocation of the capsular polysaccharide. This work may provide insight into the export of other large polar molecules such as DNA and proteins.
There are two distinct capsule assembly pathways in E. coli 4 . The defining characteristic of the group 1 (Wzy-dependent) pathway is that individual lipid-linked polymer repeat units are synthesized and exported to the periplasm, where a putative polymerase (Wzy) assembles the full length polymer 4 . E. coli capsular serotype K30 is the prototype for the group 1 capsule assembly system and the working model of the pathway is shown in Fig. 1a . The K30 polysaccharide is assembled and exported by proteins encoded by a 12-gene operon 5 . The process requires a member of the OMA (outer membrane auxiliary) protein family for translocation of nascent polymer across the outer membrane 6 . Mature Wza, the best studied OMA member, is a 359-residue lipoprotein protein that forms SDS-stable octamers; it is synthesized as a precursor with a cleavable 20-residue amino-terminal signal sequence 6 . Cys 21 is modified by a thioetherlinked diacylglyceryl group and its amino group is acylated. Electron microscopy studies of two-dimensional crystals of Wza protein in lipid bilayers revealed octameric ring-like structures suggestive of a channel 7 . In negatively stained cryo-electron-microscopy (cryo-EM) images (15.5 Å resolution), Wza octamers form a mushroom-like structure with dimensions 90 Å 3 90 Å 3 100 Å (ref. 8 ) with a large central cavity, but these images provided no mechanism for translocation. Chromosomal 'knockout' wza mutants have no detectable capsule and produce no intracellular polymer 6, 7 . This suggests a feedback process in which synthesis and export are coupled. Wza interacts with a tetrameric inner membrane tyrosine autokinase protein, Wzc 7, 9, 10 . Mutations that either eliminate Wzc, or compromise its phosphorylation, also turn off capsular polymer formation 11, 12 . A non-acylated Wza mutant forms weakly stable oligomers, and polymer accumulates in the periplasm 7 . This may indicate that the nonacylated oligomer is not competent for export but maintains its interaction with Wzc, thus promoting polymer synthesis. Sequence relationships amongst OMA proteins are limited 6 , but family members contain the polysaccharide biosynthesis/export (PES) motif (Pfam02563) (Supplementary Figs 1, 2) . The 2.26 Å crystal structure of mature acylated Wza from E. coli K30 has eight monomers (Fig. 2a) in the asymmetric unit and exhibits eightfold rotational symmetry (Fig. 2b, c) . We describe the octameric structure as having the shape of an 'amphora' without the handles (Fig. 2b) . Wza has a large internal cavity that is open at a narrow 'neck' in the outer membrane and closed at its base. The long axis of the molecule is approximately 140 Å and the diameter at the widest point is 105 Å (Fig. 2b, c) . Comparison of the crystal structure with that derived from negatively stained cryo-EM 8 reveals that the 'neck' is missing in the cryo-EM reconstruction. This region may be unstructured in the conditions of the cryo-EM experiment. The dimensions of the remainder of the structure and the large central cavity match well. The cryo-EM structure has only fourfold rotational symmetry indicating conformational change may be induced by negative staining 8 ; images of Wza in proteolipid samples showed eightfold symmetry 7 . Domain 1 of Wza (residues 89-169) represents a novel fold; it comprises an anti-parallel b-sandwich with an a-helix at one edge. Domain 1 contains the conserved PES motif (Supplementary Figs 1b,  2) . The eight copies of domain 1 combine to form a ring structure (ring 1) at the bottom of the Wza, with an eightfold axis through the centre (Fig. 2b, c) . Ring 1 presents a concave surface at the base of the structure and the centre is filled by eight loops (residues 105 to 112 of each domain). Tyr 110 is located at the tip of each loop but is not clearly visible in the experimental map, suggesting that the side chain is flexible ( Supplementary Fig. 3a ). Inwards past Tyr 110, the ring has an internal diameter of over 25 Å (compared with 17 Å at the base of ring 1; Fig. 2b, c) . Domain 2 (residues 68-84 and 175-252) has a novel structure, despite possessing similar dimensions to domain 1. This domain has a central five-stranded mixed b-sheet with three a-helices on one face. The eight copies of domain 2 form an eightfold symmetric ring structure (ring 2) with an inner diameter of 25 Å . Domain 3 (residues 46-64 and 255-344) is a structural duplication of domain 2 ( Supplementary Fig. 1c ) and the eight copies come together to form a ring structure (ring 3; Fig. 2b ) with a significantly larger external diameter (105 Å ) than ring 2. The three rings sit one atop the other with a spacing of 10 Å between rings 2 and 3. A ribbon representation of the structure (Fig. 2b) gives the appearance of side holes being present, but these are filled by side chains (Fig. 3a, b) . Domain 4 comprises the carboxy terminus of the monomer (residues 345-376; Fig. 2a ) and is an amphipathic helix. As a result of the rotational symmetry, the helices from the eight monomers create an a-helical barrel (Fig. 2b) at the 'neck' of the molecule. The barrel is tapered such that the end proximal to ring 3 has an internal diameter of approximately 30 Å . At the open end the internal diameter is 17 Å . The N terminus (residues 22-45) is wrapped around the top of ring 3 (Fig. 2a, b) .
The central cavity of the protein has an internal volume of approximately 15,000 Å 3 (Figs 2b, 3a) , comparable to GroEL-GroES (84,000 Å 3 ; ref. 13) and TolC (44,000 Å 3 ; ref. 14). In Wza, the protein surface that encloses the central cavity is polar (Fig. 3a) and lined by residues with little sequence conservation. Those conserved residues that do exist are structural or located at the extensive subunit interfaces (Supplementary Information and Supplementary Fig. 2 ). The exterior surface of Wza is almost all polar (Fig. 3b) . The exception is the helical barrel which has a markedly hydrophobic exterior (Fig. 3b) with bound lipid molecules and Trp 350 exposed ( Fig. 3b and Supplementary Figs 3b, 4) . The helical barrel is the transmembrane region; but the bulk of the structure is located in the periplasm. The C bacteria. a, Model of the biosynthetic complex carrying out synthesis and export of serotype K30 group 1 capsule in E. coli 6 . Repeat units of the polymer are assembled on a lipid (undecaprenol diphosphate; und-PP) acceptor, in the cytoplasm in a reaction initiated by the WbaP enzyme. The und-PP-linked repeat units are 'flipped' across the inner membrane by Wzx. Polymerization occurs at the periplasmic face and is dependent on another integral membrane protein, the putative polymerase, Wzy. Wzy-dependent polymerization requires the activity of the tetrameric Wzc protein 10 . Wzb is a protein tyrosine phosphatase enzyme responsible for dephosphorylating Wzc. The cycling phosphorylation of Wzc is crucial for export 11, 12 . Wza and Wzc proteins interact to form a complex that spans the periplasm 6, 7 . The precise role of Wzi, an integral membrane protein, is unclear. b, The chemical structure of the repeat unit has a width of 17 Å (assuming the most extended conformation).
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LETTERS terminus of each monomer is exposed on the cell surface (Fig. 2b) , placing the acylated N terminus at the inner leaflet of the outer membrane, consistent with typical outer membrane lipoproteins 15 . The orientation of Wza was established by showing that a fused C-terminal Flag epitope (Wza-Flag) is exposed on the cell surface ( Fig. 3c and Supplementary Fig. 5 ). To date, all integral outer membrane proteins have contained a transmembrane b-barrel 16 . Wza is the first example of a transmembrane a-helical barrel. Although transmembrane a-helices are well known in bacterial inner membrane proteins and eukaryotic membrane proteins, the integral membrane helical barrel arrangement seen in Wza has not been observed before. Channel-forming antimicrobial peptides have amphipathic helices 17 and the C terminus of Wza may mimic antimicrobial peptide pore formation.
A simple model for translocation has the carbohydrate moving from the periplasm to the central cavity of Wza and exiting through the helical barrel. Assuming an extended conformation, the width of the oligosaccharide is approximately 17 Å (Fig. 1b) , matching the internal diameter of the helical barrel (Figs 2c, 3a) . Unlike b-barrel porin proteins that are involved in the uptake of small nutrients 18 , Wza has no portal between the central cavity and periplasm ( Fig. 2d and Supplementary Fig. 3c, d ). Isolated Wza protein embedded in lipid bilayers shows no ion conductance (C. Whitfield and R. E. W. Hancock, unpublished data) consistent with a closed state. Regulation of the opening of the Wza central cavity would seem desirable in maintaining outer membrane barrier properties. We propose that the opening of the portal requires a substantial conformational change. Both Wza Y110A and Wza Y110W derivatives of Wza are fully competent for capsule export (Supplementary Fig. 6 ) indicating that gating is not controlled by a single residue. The trigger for such hypothetical conformation changes is unknown but the binding of Wzc (refs 7, 9) provides one logical candidate. The circle of negative charge and a concave surface at the base of the Wza oligomer, the conserved PES domain, offers a potential site for protein-protein interactions (Fig. 2d) . The use of conformational changes to gate large channels was observed in FhuA (ref. 19 ). TolC has a barrel closed at one end that opens in response to periplasmic binding events 14 . Wza may represent a model of some of the multimeric 'secretin' protein complexes found in type II, III and IV secretion systems, most notably single-stranded DNA export through type IV systems 20 . Electron microscopy structures of several secretins show these contain ring-like structures capable of accommodating large polar substrates [21] [22] [23] . The potassium transporter 24 and the conceptually similar ammonia transporter 25 use side chains inside the channel to bind substrate and thus avoid the desolvation penalty 24, 25 . Carbohydrates contain many polar atoms whose desolvation en masse would be unfavourable. Lactose permease binds the two carbohydrate rings inside a central cavity 26 satisfying the hydrogen bonds. The protein then undergoes a conformational change, releasing the sugar on the opposite side of the membrane. A similar model has been proposed for the lipopolysaccharide lipid A flippase, MsbA 27 . Extended carbohydrate binding sites in proteins are well known 28 , but are characterized by exquisite specificity. Using protein side chains to recognize a transient EPS chain with hundreds of carbohydrate rings, would seem a formidable task. We propose that Wza, by permitting both water molecules and carbohydrate to be present simultaneously in its large polar cavity, uses water molecules to 'plug' gaps. This ensures that the polar protein side chains and sugar hydroxyl groups make hydrogen bonds. This 'lubrication' of export negates the need for specific recognition between protein and carbohydrate. In support of this model, we note that an essentially identical Wza is employed by E. coli and Klebsiella pneumoniae 29 despite them having chemically distinct EPSs. Moreover, Wza homologues that export different EPSs can complement Wza-deficient E. coli K30 (refs 6, 9).
METHODS
Full details of the purification and crystallization of the native protein have been published 30 . The 2.26 Å data set was collected on ID29 of the European Synchrotron Radiation Facility (ESRF) on a single selenomethionine crystal protected with 25% (w/v) glycerol in the mother liquid and cooled to 100 K. Experimental phases were calculated by locating Se atoms. A full description of the structural analysis is given in Supplementary Information. Plasmid pWQ126 (ref. 6) provided the template for mutagenesis using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). Y110A, Y110W and D108-112 (deletion) mutants were constructed. The phenotypes of the mutants were determined after transforming the wza-null strain E. coli CWG281 (wza K30 ::aacC1, wza 22min ::aadA; Gm r , Sp r ) 6 . The gene encoding the Flag-epitope at the C-terminus of the marker protein fusion (Wza-Flag) was constructed by PCR . Cells were grown and imaged as described in Supplementary Information. Fig. 4b ). c, For both the control sample (E. coli LE392) and E. coli LE392 expressing Wza-Flag (1Wza-Flag), a differential interference contrast image is shown in the upper frame and the corresponding fluorescence image in the lower. The Flag-tag is clearly exposed on the cell surface.
